Hintergrund Der Kollateralisierungs-Status kann nicht nur qualitativ anhand der morphologischen Ausdehnung der Kollateralen, sondern auch quantitativ anhand der relativen Füllungsverzögerung (rFTD) bestimmt werden. Ziel unserer Studie war es, verschiedene Methoden der nichtinvasiven Darstellung der rFTD, abgeleitet aus der 4D-CT-Angiografie (4D-CTA), mit der digitalen Subtraktionsangiografie (DSA) zu vergleichen und den Zusammenhang zwischen dem funktio-nellen und morphologischen Kollateralisierungs-Status zu untersuchen.
Introduction
Since several endovascular trials (MR Clean, ESCAPE, EXTEND-IA, SWIFT-PRIME) have proven the efficacy of additional endovascular therapy versus standard care alone in acute anterior circulation ischemic stroke, patient selection on the basis of brain imaging has become a major focus of interest [1 -4] . The most important challenge is to identify salvageable brain tissue [5 -7] . For this reason irreversibly injured brain tissue ("ischemic core") was distinguished from tissue at risk for infarction ("ischemic penumbra") through perfusion imaging analysis in the EXTEND-IA and SWIFT PRIME trial. Beyond Penumbra analysis detailed knowledge about tissue perfusion distal to an occlusion through the backfilling of pial arteries receiving blood flow through small inter-arteriolar connections is crucial. ESCAPE is the only one among the above-mentioned trials to take collateral supply under consideration for patient selection even though a number of previous studies have proven the quality of collateral flow to be an independent predictor of clinical and radiologic outcome and treatment success [8 -15] . Good collateral flow can maintain the penumbra until reperfusion is reestablished. However, the imaging modalities and assessment approaches that authors refer to vary significantly [16] . Conventional digital subtraction angiography (DSA), which can reveal retrograde collateral perfusion in a dynamic fashion and which offers excellent temporal and spatial resolution, is the "gold standard" for the assessment of collateral flow, but it is an invasive technique that is usually only performed in case of an endovascular treatment intention [17] . Different scores to assess leptomeningeal collaterals have been described on the basis of DSA [8, 9, 11 -15, 18 -22] . Also, static CT angiography (CTA) has been widely used for collateral assessment [23 -27] , but as visualization of the collateral vessel structure is time-dependent and strongly depends on individual anatomic and hemodynamic preconditions, dynamic evaluation approaches have been shown to be beneficial for the identification of the origin of the dominant collaterals and for their precise quantification [10, 28 -30] . Moreover, several recently published studies suggest that besides a mere morphological assessment of collaterals, the evaluation of the velocity of collateral filling can serve as an indicator of collateral function [10, 31] .
Following the idea of Cao et al., our aim was to evaluate the velocity of collateral flow by measuring the relative filling time delay (rFTD) distal to an M1 occlusion using time-resolved 4D-CTA. [31] For the assessment of rFTD from 4D-CTA datasource images (4D-CTA-SI) as well as a semi-automated prototype, color-coded flow velocity images (fv-CTA) were used [32] . DSA served as the gold standard [33 -35] . The aim of our study was to compare the results of rFTD derived from 4D-CTA-SI and from fv-CTA with DSA and to see whether functional collateral status on the basis of rFTD correlates with the morphological collateral status on the basis of timing-invariant CTA derived from CT perfusion data.
Materials and Methods

Study population
The study was performed in accordance with the ethical standards and institutional review board. Informed consent of the patient or legal representative was obtained in advance according to legal regulations. Our initial cohort consisted of 69 consecutive patients who underwent multimodal CT for acute ischemic stroke and following transfemoral conventional digital subtraction angiography (DSA) for mechanical thrombectomy at our institution between January 2012 and June 2018. We included patients with complete occlusion of the middle cerebral artery (MCA) in the M1 segment on CTA and DSA only. As injection of both carotid arteries and the dominant vertebral artery was not routinely performed because of time-saving issues, we only included patients with an existing A1 segment in the affected hemisphere to use it as a reference vessel for the evaluation of rFTD instead of the contralateral MCA branches [31] . All patients presented to our institution within 4.5 hours of stroke symptom onset. The exclusion criteria included:
1. An aplastic A1 segment of the affected hemisphere 2. Missing whole-brain perfusion source imaging 3. Non-diagnostic image quality, i. e., due to strong motion artifacts 4. Insufficient depiction of the parenchymal and late venous phase on conventional angiography
Three patients had to be excluded because the M1 segment was partially recanalized between initial multimodal CT and following DSA after bridging therapy with intravenous thrombolysis. Another three patients had to be excluded because of strong motion artifacts. Incomplete depiction of the venous phase on DSA obviated reliable assessment of rFTD in ten patients. Aplasia of the A1 segment in the affected hemisphere was found in three patients.
Image Acquisition and Postprocessing
Multimodal Computed Tomography CT examinations were performed on a 128-section CT scanner (Somatom Definition AS+; Siemens, Forchheim, Germany). All patients underwent a standardized multiparametric CT protocol consisting of non-enhanced CT (NECT) (section thickness: 0.6 mm), whole-brain color-coded perfusion mapping from 4D-CTA (section thickness: 0.6 mm, increment: 0.4 mm) and arterial phase CTA from the aortic arch to the vertex. Two contrast material injections were performed in each patient (for 4D-CTA and for arterial phase CTA). 4D-CTA (80 kV, 180 mAs, collimation: 128 × 0.6 mm, rotation time: 0.3 s) was acquired with 9.6 cm coverage in the z-axis from the supraorbital skull to the vertex. A total of 30 ml of iodinated contrast agent (Imeron 400; Bracco Imaging, Konstanz, Germany) followed by 50 ml of saline flush was injected via an 18-gauge cannula into a cubital vein at a rate of 5 ml/s using a double-piston power injector (Medtron, Saarbruecken, Germany). Pulsed full-rotation scan beginning 2 s after contrast injection with 35 scans over 60 s was used.
Flow Visualization 4D-CT Angiography (fv-CTA)
Fv-CTA is a pre-released post-processing prototype (flow visualization, syngo.via Frontier, Siemens, Forchheim, Germany) which displays dynamic cerebral CT angiography data sets that combine color-coded information of cerebral vasculature with an indication of absolute delay values of maximum vessel opacification (Tdelay) in a single composite 3-dimensional data set. Fv-CTA is reconstructed from 4D-CTA data. After segmentation, spline interpolation of the calculated arterial input function to the time attenuation curves and bolus parameterization Tdelay is calculated. Tdelay values are then color-coded using the hue saturation value color space. By superimposing the color-coded Tdelay maps over temporal maximum intensity projections (tMIP), composite 3-dimensional color-coded images are generated. Absolute Tdelay values can be easily read from the current mouse position [32] .
DSA
DSA was performed on a commercial biplane flat panel detector angiographic system (Axiom Artis dBA, Siemens, Erlangen, Germany) under local or general anesthesia. The 2 D DSA series that were acquired by contrast injection into the proximal internal carotid artery (ICA) of the affected hemisphere with a rate of four frames per second had to be evaluable for collateral flow grading which means that the late venous phase had to be depicted. 10 patients had to be excluded because of missing assessment through the late venous phase. The angiographic series were transferred to a workstation (Leonardo, Siemens, Forchheim, Germany) and automated reconstructions of composite color intensity projections of the injection run were calculated using an FDAapproved application (iFlow, syngo classic, Siemens, Forchheim, Germany) [33 -35] . The application combines the information contained in a number of sequential images and depicts the time that contrast media needs to arrive at any location in the brain vasculature in a single image. This postprocessing algorithm is called parametric color coding. Tdelay is also calculated and can be directly read from any point of interest.
Image Assessment
The relative filling time delay (rFTD) was quantified on 4D-CTA-SI, fv-CTA, and DSA. First, three points of interest (ICA (C7 segment), ACA (A1 segment), MCA (M2 / M3 branches in the Sylvian fissure distal to the M1 clot) were determined respectively. The differing time of the beginning of the arterial cerebral inflow was equalized by referring to the reference point in the distal ICA. By defining the difference between maximum opacification in the MCA branches in the Sylvian fissure distal to the occlusion and maximum opacification in the distal ICA as ΔA and the difference between maximum opacification in the A1 segment of the affected hemisphere and maximum opacification in the distal ICA as ΔB, rFTD could be determined as ΔA-ΔB. As injection of both carotid arteries was not routinely performed because of time-saving issues, we invariably used the A1 segment as the reference vessel instead of the contralateral MCA branches. The morphological extent of collaterals was evaluated on the basis of a semiquantitative scoring scheme indicating the collateral supply of the occluded territory on a scale from 0 -3 (Collateral Score (CS) = 0: complete absence of collateral vessels, CS = 1: collateral supply ≤ 50 % and > 0 %, CS = 2: collateral supply > 50 % and < 100 %, CS = 3: collateral supply 100 %). Assessment was performed in accordance with previous studies having shown timing-invariant CTA derived from CT perfusion data to be more sensitive than traditional CTA for evaluating the morphological extent of collaterals [29, 30] . Image data analysis was performed with commercial software (syngo.via CT Dynamic Angio, Siemens, Forchheim, Germany) providing temporal maximum intensity projections (tMIP), which combine all 35 spiral scans and display maximal enhancement over the 60-second scan time for each voxel.
Statistical Analysis
Statistical analysis was performed using commercial software (SPSS 20.0; IBM, Chicago, IL). Results are described as mean ± standard deviation or as median with interquartile range. The differences of the rFTD values between the different imaging modalities were tested for significance using the two-sided paired ttest. A p-value of ≤ 0.05 was considered statistically significant. Results were graphically depicted using box-and-whisker plots. The Spearman nonparametric rank correlation was used to investigate the relationship between rFTD derived from fv-CTA and collateral status on timing-invariant CTA and to analyze the correlation of CS and mRS at 3 months in patients with successful vessel recanalization.
Results
The mean patient age was 74 ± 11 years with 62 % being female. The baseline median pretreatment NIHSS score could be determined in 48 patients with a median of 15 (IQR 12 -18). Intravenous rtPA was given to 39 patients (78 %). Aside from 18 patients with unclear onset, the mean time between symptom onset and vessel recanalization was 254 ± 94 min. Under consideration of the 'last seen normal' (lsn) time point as onset, the mean time in the whole patient collective was 356 ± 227 min. Successful vessel recanalization was defined by a grade of reperfusion of 2b or 3 on the TICI scale and could be achieved in 46 patients (92 %). A favorable clinical outcome was determined by a difference of 3-month mRS and prae-mRS (Δ mRS) of ≤ 2. The median prae-mRS was 0 (interquartile range: 0 -2), and the median 3-month mRS was 3 (interquartile range: 2 -5). In two patients the 3-month mRS was not available because of loss to follow-up. A favorable clinical outcome could be reported in 19 patients (39.6 %).
Source data are provided in ▶ Table 1 . rFTD could be determined on fv-CTA, 4D-CTA-SI and DSA in 50 cases. The mean rFTD (fv-CTA) was 5.0 ± 3.4 s, the mean rFTD (4D-CTA-SI) was 6.4 ± 3.7 s and the mean rFTD (DSA) was 4.6 ± 3.3 s. The mean difference was 1.5 ± 2.9 s between fv-CTA and 4D-CTA-SI, 0.4 ± 1.6 s between fv-CTA and DSA, and 1.8 ± 3.0 s between 4D-CTA-SI and DSA. With p < 0.05 there was good correlation of rFTD between fv-CTA and DSA (n = 50, r = 0.9, p < 0.05) without a significant difference of mean values. 4D-CTA-SI and DSA also showed good correlation (n = 50, r = 0.6, p < 0.05), but the mean values of rFTD were significantly different (p < 0.05) (▶ Fig. 1) .
▶ Fig. 2 shows the 4D-CTA-SI results of a patient with a proximal M1 occlusion of the right hemisphere and a maximum opacification in the distal ICA and in the A1 segment at 22.45 seconds and in the Sylvian fissure at 25.60 seconds with a resulting rFTD of 3.15 seconds.
▶ Fig. 3 shows the fv-CTA of the same patient with an rFTD of 3 seconds and ▶ Fig. 4 depicts the DSA result of this patient with a resulting rFTD of 2.4 seconds.
The median CS was 3 (range: 1 -3; interquartile range: 2 -3). There was a significant negative association between rFTD on fvCTA and CS on timing-invariant CTA (R = -0.5; P = 0.000).
In the dominant fraction of our patient collective with successful vessel recanalization (92 %), CS and mRS at 3 months showed a significant negative correlation (R = -0.4; P = 0.006).
Discussion
Collateral blood flow plays a key role in the pathophysiology of cerebral ischemia and is an important parameter for outcome prognosis and therapeutic decisions in acute ischemic stroke [8 -15] , but, due to its complexity, quantification poses a diagnostic challenge. Several previous studies have shown that only a time-resolved analysis can meet the requirements for an integrated survey and that not only the anatomic extent but also the velocity of collateral flow may be relevant for a comprehensive understanding of cerebral hemodynamics [10, 28 -31] . The temporal variability of backfilling of pial arteries is an indicator of the functional status of leptomeningeal collaterals and their autoregulatory capacity. Experimental studies have shown that the leptomeningeal collateral network decreases with age. The impaired collateral reserve might be the reason for the increased risk of conversion of penumbra tissue into infarction in elderly patients [36, 37] . Analysis of the relative filling time delay distal to a proximal artery occlusion allows a simple and dynamic evaluation of collateral status in patients with acute anterior circulation stroke. As rFTD derived from 4D-CTA-SI and fv-CTA showed good correlation with DSA, rFTD appears to be a reliable and reproducible parameter to evaluate the velocity of collateral flow. There were no significant differences of quantitative rFTD between fv-CTA and DSA, while quantitative rFTD showed significant differences between 4D-CTA-SI and DSA. As quantitative values depend not only on the imaging method but also on the reconstruction mode, the challenge of proper manual ROI determination in the ▶ Table 1 Clinical and radiological source data. Sylvian fissure distal to the occlusion on 4D-CTA-SI might have confounded our results. Diagnostic workup in stroke patients is extremely time-critical. Therefore, an easily evaluable and reliable diagnostic tool for standardized noninvasive assessment of cerebral hemodynamics is all the more important [38, 39] . While manual ROI determination on 4D-CTA is time-consuming depending on the clinician's experience, fv-CTA provides concentrated information on cerebral hemodynamics in a single composite 3-dimensional data set which is calculated automatically and mostly independently from the software's operator and can be easily interpreted [35] . However, with a postprocessing time of 5 to 6 minutes, time reduction would be particularly desirable in the workflow of stroke diagnostics. Furthermore, the color coding might allow clearer visualization of the speed and extent of parenchymal opacification in tissue downstream from the occlusion [33] . Therefore, it might also simplify the quantification of ▶ Fig. 3 fv-CTA of the same patient as in Fig. 2 with a time delay in the distal ICA and A1 segment of 4 seconds and in the Sylvian fissure of 7 seconds with a consecutive rFTD of 3 seconds.
▶ Fig. 4 DSA result of the same patient with an rFTD of 2.4 seconds.
▶ Fig. 1 Box plot diagram for the visualization of rFTD results for fv-CTA, 4D-CTA-SI and DSA.
▶ Fig. 2 4D-CTA-SI results of a patient with a proximal M1 occlusion of the right hemisphere and a maximum opacification in the distal ICA and in the A1 segment at 22.45 seconds and in the Sylvian fissure at 25.60 seconds.
the morphological extent of collaterals, which we found to be correlated with the functional collateral status. A wider extent of collaterals is associated with a higher flow velocity, reflecting the integrity of the collateral network. Under consideration of the effect of recanalizationa major outcome parameter, we could validate the importance of the collateral network with regard to patient outcome. Higher collateral scores were associated with a lower mRS at 3 months in our patient collective with successful vessel recanalization (TICI 2b or 3). A scoring scheme combining quantitative and qualitative analysis could be a promising approach for standardized assessment of collateral flow. However, future studies are needed to define thresholds for rFTD in fv-CTA.
With reference to 4D-CTA-SI, Cao et al. already proposed a threshold of rFTD > 4 seconds as an indicator of poor prognosis after acute stroke with large vessel occlusion. However, due to the heterogeneity of patient treatment, these results are preliminary and require further evaluation.
Our study has some limitations. Besides the retrospective design with a selected population of patients with acute M1 occlusion, the study carries the risk of having missed potential inflow sources from the posterior circulation on DSA.
Conclusion
The velocity of collateral filling can provide information on collateral function and autoregulatory capacity beyond the morphological extent of collaterals. rFTD derived from 4D-CTA correlates with DSA and allows quantification of collateral velocity. Quantitative rFTD from fv-CTA correlates better with DSA than rFTD from 4D-CTA-SI. Therefore, fv-CTA is a promising noninvasive and widely user-independent post-processing workflow making cerebral hemodynamics easy to analyze. Further studies are needed to define thresholds for rFTD in fv-CTA.
CLINICAL RELEVANCE OF THE STUDY
▪ Collateral blood flow plays a key role in the pathophysiology of cerebral ischemia and is an important parameter for outcome prognosis and therapeutic decisions in acute ischemic stroke ▪ Beyond a mere morphological description of collaterals, analysis of the velocity of collateral flow allows dynamic evaluation of collateral function ▪ Fv-CTA derived from 4D-CTA offers the possibility of noninvasive, semi-automated intuitive analysis of collateral status
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